Abnormalities of amount and function of presynaptic terminals may have an important role in the mechanism of illness in schizophrenia. The SNARE proteins (SNAP-25, syntaxin, and VAMP) are enriched in presynaptic terminals, where they interact to form a functional complex to facilitate vesicle fusion. SNARE protein amounts are altered in the cortical regions in schizophrenia, but studies of proteinprotein interactions are limited. We extended these investigations to the striatal regions (such as the nucleus accumbens, ventromedial caudate (VMC), and dorsal caudate) relevant to disease symptoms. In addition to measuring SNARE protein levels, we studied SNARE protein-protein interactions using a novel ELISA method. The possible effect of antipsychotic treatment was investigated in parallel in the striatum of rodents that were administered haloperidol and clozapine. In schizophrenia samples, compared with controls, SNAP-25 was 32% lower (P ¼ 0.015) and syntaxin was 26% lower (P ¼ 0.006) in the VMC. In contrast, in the same region, SNARE protein-protein interactions were higher in schizophrenia (P ¼ 0.008). Confocal microscopy of schizophrenia and control VMC showed qualitatively similar SNARE protein immunostaining. Haloperidol treatment of rats increased levels of SNAP-25 (mean 24%, P ¼ 0.003), syntaxin (mean 18%, P ¼ 0.010), and VAMP (mean 16%, P ¼ 0.001), whereas clozapine increased only the VAMP level (mean 13%, P ¼ 0.004). Neither drug altered SNARE protein-protein interactions. These results indicate abnormalities of amount and interactions of proteins directly related to presynaptic function in the VMC in schizophrenia. SNARE proteins and their interactions may be a novel target for the development of therapeutics.
INTRODUCTION
Abnormalities of presynaptic terminals contribute to the mechanism of illness in schizophrenia (Lewis and Sweet, 2009) . Postmortem studies indicate deficits in terminal numbers and in terminal-enriched molecules such as transporters and proteins involved in vesicular neurotransmission (Harrison, 1999; Honer and Young, 2004) . Current models of functional disturbances in schizophrenia emphasize disinhibitory processes, acting through GABA, glutamate, and dopamine neurotransmission to affect the firing patterns of local networks of cortical neurons (Lewis and Sweet, 2009; Lisman et al, 2008) . Striatal processes are also critically important. Functional imaging provides evidence of fronto-striatal dysfunction in schizophrenia, with altered patterns of activation and impaired cognition (Manoach et al, 2000; Tost et al, 2005) . Presynaptic terminals in the striatum have lower than expected levels of glutamate transporters (McCullumsmith and Meador-Woodruff, 2002; Nudmamud-Thanoi et al, 2007) . Functional studies of dopaminergic presynaptic terminals carried out using in vivo imaging techniques indicate increased synthesis and release of dopamine in schizophrenia (Lyon et al, 2009) .
Families of molecules enriched in presynaptic terminals could have important roles in these disturbances. One such family is that of SNARE proteins, SNAP-25, syntaxin, and VAMP (Söllner et al, 1993) . These proteins form a trimeric complex that is vital to the mechanism of vesicular neurotransmission. Most, but not all, studies of individual SNARE proteins in the frontal cortex and hippocampus in schizophrenia indicate lower than expected levels of SNARE proteins (Fatemi et al, 2001; Gabriel et al, 1997; Halim et al, 2003; Honer et al, 2002; Honer et al, 1997; Karson et al, 1999; Mukaetova-Ladinska et al, 2002; Scarr et al, 2006; Thompson et al, 1998; Young et al, 1998) . One study linked lower postmortem levels of SNAP-25 in the hippocampus to poorer antemortem cognitive function in schizophrenia (Barr et al, 2006b; Young et al, 1998) . The functional aspects of SNARE proteins may also be affected in schizophrenia. A study indicated higher SNARE complex formation in the anterior frontal cortex samples obtained from patients who committed suicide . Investigation of CSF samples obtained from living patients indicated higher than expected levels of SNAP-25, and some correlations with symptom severity (Thompson et al, 2003; Thompson et al, 1999) . Genetic studies in humans provide indirect evidence for a role for SNARE proteins in brain function, and in psychiatric illness. Variation in the SNAP25 gene may increase the risk of schizophrenia, contributes to cognitive function in healthy subjects and patients with schizophrenia, is associated with metabolic measures in the hippocampus, antipsychotic treatment response, and with weight gain related to antipsychotic medications (Carroll et al, 2009; Corradini et al, 2009; Gosso et al, 2006; Muller et al, 2005; Musil et al, 2008; Scherk et al, 2008; Spellmann et al, 2008) . Variation in STX1A (coding for syntaxin 1a) may be associated with a diagnosis of schizophrenia (Wong et al, 2004) .
Animal models indicate that abnormalities of amount or function of SNARE proteins have consequences for neurotransmission and behavior. The coloboma mouse (Cm/ + ) has a chromosomal deletion that spans the mouse Snap25 gene, and results in 50% less SNAP-25 protein in the brain (Hess et al, 1992) . These mice have a regionally specific greater level of noradrenalin but lower glutamate, dopamine, and serotonin neurotransmission, delayed acquisition of motor milestones, and hyperactivity as adults (Heyser et al, 1995; Jones et al, 2001; Raber et al, 1997) . Hyperactivity in these animals responds to amphetamine treatment (Hess et al, 1996) . Microdialysis studies indicate that coloboma mice have high basal levels of synaptic dopamine in the striatum, and increased dopamine release after amphetamine challenge (Fan and Hess, 2007) ; both these features are similar to schizophrenia (Lyon et al, 2009) . Another mutant mouse helps understand the implications of functional changes in SNARE proteins, rather than differences in amount. The mutant mouse blinddrunk ( + /Bdr) has motor abnormalities and impaired prepulse inhibition (PPI) (Jeans et al, 2007) . Characterization of the molecular basis of this mutation indicated a T-to-C transversion resulting in an isoleucine-to-threonine amino-acid change (Jeans et al, 2007) . This change in amino-acid sequence in SNAP-25 results in a greater affinity for the partner SNARE protein syntaxin, greater stability of the SNARE complex, and decreased exocytosis in glutamatergic terminals (Jeans et al, 2007) . Interestingly, in the blind-drunk mouse, PPI abnormalities in adulthood are further enhanced if the mice are exposed to prenatal stress (Oliver and Davies, 2009 ). Treatment of blind-drunk mice with clozapine restored PPI to near normal levels; haloperidol was also moderately effective (Oliver and Davies, 2009) . Interestingly, earlier studies of rat brain slice preparations found that administration of dopamine increased SNARE complex formation, an effect that could be blocked by haloperidol (Fisher and Braun, 2000) .
This study was designed to investigate SNARE protein levels and SNARE protein-protein interactions in schizophrenia, and to study the effects of antipsychotic drugs on these properties of SNARE proteins in the rat brain. SNARE protein levels were measured in three striatal regions involved in cognitive and limbic circuitry (namely the dorsal caudate (DCd), ventromedial caudate (VMC), and nucleus accumbens (NAc)) (Haber, 2003; Voorn et al, 2004) . To determine whether altered SNARE protein-protein interactions were present, we developed a modified sandwich ELISA to measure interactions between syntaxin and SNAP-25. Finally, to determine whether antipsychotic treatment affects SNARE proteins and SNARE complex formation, we performed similar measures in the striatum of rodents treated with haloperidol or clozapine.
MATERIALS AND METHODS

Human Subjects
Samples were obtained from the Macedonian/New York State Psychiatric Institute Brain Collection. Tissue collection and screening details can be found in Supplementary Materials and Methods (I). The frozen tissue series consisted of 15 subjects with schizophrenia or other related illness (13 patients with schizophrenia and 2 with schizoaffective disorder) and 13 non-psychiatric comparison subjects (Table 1) . All subjects died due to acute causes, and only one had a postmortem interval (PMI) 424 h. In their lifetime, all patients were exposed to high-potency typical antipsychotics in addition to lower-potency drugs; only three patients were prescribed an atypical antipsychotic (clozapine). Postmortem toxicological analyses detected antipsychotics in only two patients. Caffeine and benzodiazepines were the most frequently detected compounds, and were found in both groups.
Samples were dissected from frozen coronal tissue slabs of the right hemisphere, using a standard human brain atlas (Mai et al, 1997) by a single investigator (WGH). The striatal regions were dissected from the same tissue block at the level of the NAc (approximating slice 12, Mai et al, 1997) . The most DCd region was dissected, as well as a medial portion adjacent to the body of the lateral ventricle (VMC) and the gray matter ventral to the internal capsule (NAc).
Formalin-fixed tissues were obtained from four control subjects and four schizophrenia subjects (Supplementary  Table S1 ). Fixed tissue from the VMC was dissected using similar landmarks as for the frozen tissue by a single Striatal SNAREs in schizophrenia VE Barakauskas et al investigator (AJD). Samples were coded to mask investigators to diagnosis and sample characteristics.
Animals and Antipsychotic Drug Administration
Adult male Sprague-Dawley rats (Charles River, Montreal, Canada) were pair housed, with access to food and water ad libitum. Animals were treated with vehicle or one of the two antipsychotic medications: haloperidol, a high-potency typical antipsychotic agent or clozapine, an atypical antipsychotic, both commonly used in schizophrenia cases (Table 1) . Rats were divided into three groups balanced for starting weight (270-320 g range), and administered haloperidol (1 mg/kg), clozapine (20 mg/kg), or pH-adjusted saline (1 ml/kg) daily for 28 days intraperitoneally (Barr et al, 2006a; MacDonald et al, 2005) . Haloperidol or clozapine was dissolved in 0.9% acetic acid/saline, adjusted with NaOH to pH 5.0-5.5, and the final volume was adjusted with water to yield a drug concentration of 1 mg/ml. Owing to complications at the injection site, the clozapine group was injected subcutaneously with larger volumes of dilute clozapine (0.4-0.5 mg/ml, 20 mg/kg) for the final 16 days. Animals treated with saline and haloperidol gained weight at a similar rate during the 4 weeks, whereas clozapinetreated animals did not gain weight, which is in agreement with findings by others (Albaugh et al, 2006) . Animals were killed by decapitation 24 h after the final injection. Brains were quickly removed, cooled in artificial cerebrospinal fluid (148 mM NaCl, 3 mM KCl, 1.4 mM CaCl 2 , 0.8 mM MgCl 2 , 10 mM D-Glucose, 0.8 mM Na 2 HPO 4 , 0.2 mM NaH 2 PO 4 ), and dissected. The brain was cut coronally, at the level of the optic chiasm and again, 3 mm anterior to this. This produced a 3-mm thick section 0.48 mm from the bregma (Paxinos and Watson, 1986) . The tissue inferior to the ventral striatum was removed. The NAc was then dissected as the most ventral portion of striatum, at the level of the anterior commissure. The remaining caudate/putamen was divided in half to yield medial and lateral portions. A similar dissection protocol was described previously (Meyer and Protopapas, 1985) . Regions were dissected bilaterally, frozen rapidly on dry ice, and stored at À701C.
All procedures were approved by the UBC Animal Care Committee and were conducted in accordance with the Canadian Council on Animal Care guidelines.
Antibodies
We previously prepared monoclonal antibody-producing hybridoma cell lines by fusing B lymphocytes obtained from immunized mice with the non-secreting mouse myeloma cell line NS0. The monoclonal antibodies produced by individual hybridoma cell lines detect SNAP-25 (SP12, IgG 1 subclass), syntaxin (SP6, IgG 1 ; SP7, IgG 2A ), VAMP (SP10, IgM; SP11, IgG 1 ), and synaptophysin (EP10, IgG 1 ) . For each antibody, previously reported characterization studies used the following: immunoblotting to demonstrate single bands at the expected molecular weights for the target antigens, immunocytochemistry to demonstrate staining patterns consistent with a presynaptic pattern of distribution, and studies of reactivity with fusion proteins prepared in bacterial or mammalian cell systems. Additional studies of antibody specificity are described in Supplementary Figure S1 . For immunocytochemistry, a polyclonal calretinin antibody (Swant, Bellinzona, Switzerland) was also used. Secondary antibodies included peroxidase-conjugated anti-mouse IgG and IgM (Jackson Immunoresearch Laboratories, West Grove, PA), peroxidase-conjugated anti-mouse IgG 2A (Southern Biotech, Birmingham, AL) and goat anti-mouse or anti-rabbit conjugated to Alexa-488 or Alexa-555 fluors (Molecular Probes, Eugene, OR).
Antibody specificity was confirmed by western blotting (Supplementary Figure S1 ). For a negative control, we prepared conditioned tissue culture medium by growing the parent mouse myeloma line (NS0) and collecting the medium, which contains the same percentage of fetal bovine serum as was used to grow the antibodysecreting hybridomas, derived by fusing B-lymphocytes with NS0 cells.
Direct ELISA Studies
Frozen samples were rapidly thawed and homogenized in tris-buffered saline (TBS), aliquoted, and stored at À701C. Protein concentrations were determined using a Lowrybased method (DC assay; Bio-Rad, Mississauga, ON). Samples were diluted to a standard concentration for the ELISA, then all were diluted in duplicate on the ELISA plate over a 1-128-fold range.
For these series of studies, hybridoma cell culture supernatants prepared in our laboratory were used as the source of antibodies. These tissue culture supernatants do not contain any other mouse immunoglobulin, which could result in increased nonspecific background signal in the ELISA. This is in contrast to many commercial monoclonal antibodies prepared from mouse ascites fluid, which can contain nonspecific mouse immunoglobulin. The tissue culture supernatants contain fetal bovine serum, and small amounts of bovine immunoglobulin are present. Secondary antibodies specific for mouse immunoglobulin, with minimal cross-reactivity with bovine or human immunoglobulin were used. We also prepared tissue culture supernatants by growing the non-secreting parent myeloma line NS0 under the same culture conditions and fetal bovine serum concentration used to grow the antibody-secreting hybridomas. Substitution of the NS0 conditioned-tissue culture supernatant for antibody-containing supernatant was used as a negative control in the ELISA.
Assays were performed using previously published protocols (Beasley et al, 2005; Honer et al, 2002) . SNARE proteins were detected by incubating with SP12 (a-SNAP-25), SP6 (a-syntaxin), or SP10 (a-VAMP) diluted (in ratios of 1 : 10, 1 : 10, and 1 : 5, respectively) in 5% milk/TBS. On the basis of human sample data, modal values for the linear range of antigen detection (after log transformation) were 64-(SNAP-25), 32-(syntaxin), and 8-fold (VAMP). Immunoreactivity was compared between samples as the amount of protein required to yield a fixed optical density within the linear range. Each experiment was performed twice and the mean value was calculated for each sample.
Samples were assayed twice, on separate days, with runto-run correlations (Pearson's r) X0.8 for each measure. Each plate also contained a reference sample, which was not part of the study sample set. The multiple replicates of reference samples also allowed calculation of variability in the assays within a sample run. The intra-run coefficient of variation (SD for reference samples divided by mean of reference samples) was p10% for all runs.
Capture ELISA
The amount of syntaxin interacting with SNAP-25 was measured using a modified sandwich ELISA. Assay development and validation is detailed in Supplementary Materials and Methods (II). Capture and primary detection mouse monoclonal antibodies, which were free of nonspecific mouse immunoglobulin, were prepared from tissue culture supernatants as described above.
To measure syntaxin-SNAP-25 complexes, 384-well plates (Nalge Nunc International, Rochester, NY) were first coated with purified SP12 antibody (an IgG 1 subclass a-SNAP-25, capture antibody, 0.075 mg per well). Residual binding sites on the coated plates were then blocked with 5% milk/TBS. Brain homogenates were diluted over a 12-fold range in TBS, and incubated overnight at 41C in the antibody-coated plates. The capture SP12 antibody immobilized on the ELISA plate pulled out SNAP-25 from the homogenates, as well as any protein interacting with SNAP-25. After washing, syntaxin bound to SNAP-25 was assayed by incubating with antibody SP7 (IgG 2A subclass a-syntaxin, primary detection antibody, 1 : 10), then with a peroxidaseconjugated secondary antibody specific for mouse IgG 2A , and ABTS substrate (KPL, Gaithersburg MA). Negative controls performed on each plate included wells with: (1) all steps with omission of the homogenate, (2) all steps with omission of the primary detection antibody SP7, and (3) all steps with omission of both the homogenate and the primary detection antibody SP7. The optical density signal in the negative control wells was o0.15, which was the same as the background signal in an empty well.
Analysis was similar to that of direct ELISA. Immunoreactivity was compared between samples as the amount of protein required to yield a chosen optical density within the linear range (12-fold range, modal value). Intra-run CV determined using a reference sample was p10% and the run-to-run correlation was 40.8. Each experiment was completed twice and the mean value was calculated for each sample. As the amount of captured syntaxin was related to the amount of total SNAP-25 in the sample (Supplementary Materials and Methods (II), Supplementary Figure S4) , the raw capture values were normalized to total SNAP-25 as measured in direct ELISA.
Immunohistochemistry
Colocalization of SNARE proteins in the human striatum was confirmed by confocal microscopy on tissue slices of VMC (demographics presented in Supplementary Table S1 ). Sections of 30-mm thickness were cut using a vibratome. The tissue was stained using previously published protocols (Sawada et al, 2005) with modifications. To reduce autofluorescence, sections were incubated for 15 min in Sudan Black (0.3% in 70% ethanol) (Sigma-Aldrich, St Louis, MO) before processing. Antigen retrieval was performed for SP7-stained sections only, by heating sections in sodium acetate (200 mM NaCH 3 COO, pH 4) for 10 min at 951C. Primary antibody dilutions were as follows: SP12 1 : 10, SP7 1 : 10, SP11 1 : 10, calretinin 1 : 500. Sections were incubated with fluorescent secondary antibodies (1 : 500 dilution) for 1 h at 371C, washed and mounted in 70% glycerol/TBS.
The degree of autofluorescence was ascertained by including sections processed using culture-conditioned media instead of the primary antibody. These were imaged using identical acquisition parameters used for stained sections of that sample. Fluorophores were reversed in some samples.
A laser scanning confocal microscope (LSM 5 Pascal, Zeiss) with a 63 Â /1.2-W C-Apochromat water immersion objective was used. Excitation wavelengths of 488 and 543 nm were used with 505-530 BP and 585 LP emission filters, respectively. Acquisition parameters were optimized for each image so that signal in each channel was not saturated and images were obtained at a 512 Â 512 pixel resolution. Image processing (autocontrast, brightness, and cropping) was performed using Photoshop 7.0 (Adobe, San Jose, CA). All confocal microscopy was carried out blinded to the diagnosis.
Statistical Analysis
Data analysis was performed using JMP 5.0.1 for Macintosh (SAS Institute, Cary, NC) and SPSS 11.0 for Macintosh (SPSS, Chicago, IL). Data were graphed using GraphPad Prism 4 (GraphPad Software., San Diego, CA).
For protein measures, consistency with the normal distribution was assessed by the Shapiro-Wilk tests, and data were log e transformed where necessary. Equality of variances was confirmed by Levene's and/or BrownForsythe tests. For human studies, two-tailed t-tests were used to determine whether the PMI, sample storage time, age, and pH differed between groups (Table 1) . ELISA data values (total protein at a fixed optical density) are inversely related to the amount of target antigen present in a sample. For graphing purposes only, we used a simple algebraic transformation to plot data in an intuitively simpler manner, in which greater values represent greater amounts of the target antigen. This results in no distortion of the distribution of values.
Separate two-way ANOVAs were used to determine the effects of diagnosis and the striatal region for each protein measure. The striatal region was entered as the withinsubjects factor and diagnosis as the between-subjects factor. For animal data, the striatal region was entered as the within-subjects factor and treatment group as the betweensubjects factor. Multivariate F-values are reported. For human data, statistically significant diagnosis-by-region interactions were followed up by F-tests to determine in which region there was a statistically significant difference between the diagnostic groups. Raw P-values are reported; statistically significant effects are those that withstand Bonferonni's correction for three comparisons (three striatal regions). For animal data, statistically significant effects were followed up by contrasts to determine which drug treatment group showed statistically significant differences from controls. Significance criteria included Bonferonni adjusted for two comparisons (each of two drugs vs control).
To determine whether sample characteristics or demographics may account for statistical differences, associations between the protein measure in a given area and PMI, pH, sample storage time, and age were investigated using Pearson's or Spearman's correlations, as appropriate. A similar approach to identifying potential confounding factors has been used by others (Burnet et al, 2008; Narayan et al, 2009) .
Additional follow-up analyses were conducted using paired t-tests to determine whether the levels of SNARE proteins differed between the striatal regions.
RESULTS
Human Studies
As seen in Table 1 , PMI was longer in the control group (t ¼ 3.73, df ¼ 25, P ¼ 0.001) and sample storage time was longer in the schizophrenia group (t ¼ 4.21, df ¼ 26, Po0.001). Age and pH did not differ between the groups (P40.05). After a log e transformation, SNAP-25, syntaxin, and VAMP protein measures were normally distributed, except for the DCd in the control group in which two values for syntaxin immunoreactivity were found to be lower than 1.5 times the interquartile range and therefore possible outliers. However, there were no differences in variances between groups. Transformed values were used for all subsequent analyses. The amount of captured syntaxin, normalized to total SNAP-25, was normally distributed, and therefore data were not transformed.
SNAP-25 Protein Levels
Investigation of SNAP-25 protein levels using ANOVA revealed a significant effect of region (F ¼ 7.44, df ¼ 2, 25, P ¼ 0.003) and a region-by-diagnosis interaction (F ¼ 4.90, df ¼ 2, 25, P ¼ 0.016). Follow-up analyses indicated a lower amount of SNAP-25 protein in the VMC in schizophrenia, compared with controls (32% lower; F ¼ 6.86, df ¼ 1, 26, P ¼ 0.015) (Figure 1a) . The SNAP-25 protein level was 25% lower in the NAc in schizophrenia, although this difference was not significant after Bonferonni's correction (F ¼ 5.24, df ¼ 1, 26, P ¼ 0.030). There were no statistically significant correlations between possible confounding factors (pH, PMI, sample storage time, and age) and SNAP-25 in the VMC (all P40.09).
Figure 1 SNARE protein levels and protein-protein interactions in three human striatal regions. Significant post hoc F -tests are indicated *Po0.05, Bonferonni-adjusted. Differences that do not survive Bonferonni correction are indicated (a). All three SNARE protein levels were lower in the VMC of subjects with schizophrenia (panels a-c). Syntaxin-SNAP-25 protein-protein interactions were increased in the VMC (d). Horizontal lines indicate group means. Raw (untransformed) but re-scaled values are plotted for the three SNARE measures. NAc, nucleus accumbens; VMC, ventromedial caudate; DCd, dorsal caudate; CTL, controls; SCZ, schizophrenia.
Syntaxin Protein Levels
A significant effect of the striatal region (F ¼ 10.50, df ¼ 2, 25, Po0.001) and a region-by-diagnosis interaction (F ¼ 6.59, df ¼ 2, 25, P ¼ 0.005) were detected for syntaxin protein levels. Syntaxin was lower in the VMC in schizophrenia, compared with controls (26% lower, F ¼ 9.18, df ¼ 1, 26, P ¼ 0.006) (Figure 1b) . Correlation analysis of syntaxin protein levels in the VMC did not indicate any statistically significant associations between pH, PMI, sample storage time, or age with protein (all P40.1).
VAMP Protein Levels
A significant effect of the striatal region on VAMP protein levels was observed (F ¼ 10.01, df ¼ 2, 25, Po0.001). The region-by-diagnosis interaction was also significant (F ¼ 5.88, df ¼ 2, 25, P ¼ 0.008). Although VAMP levels were 25% lower in schizophrenia in the VMC, this did not reach statistical significance (F ¼ 3.84, df ¼ 1, 26, P ¼ 0.061) (Figure 1c ). There were no statistically significant associations with possible confounding variables.
SNARE Protein Interactions
The amount of syntaxin interacting with SNAP-25 (normalized to the total level of SNAP-25 in each sample) was compared between groups and striatal regions. Significant effects of region (F ¼ 5.89, df ¼ 2, 25, P ¼ 0.008) and a region-by-diagnosis interaction (F ¼ 6.80, df ¼ 2, 25, P ¼ 0.004) were observed. Follow-up F-tests indicated that syntaxin-SNAP-25 interactions were higher in schizophrenia in the VMC (F ¼ 8.39, df ¼ 1, 26, P ¼ 0.008) relative to control (Figure 1d) . No statistically significant correlations with sample characteristics were identified. We also examined the effect of covarying for the amount of synaptophysin present in the VMC, as an index of the total number of synapses. Synaptophysin levels measured by ELISA were not different in the VMC between schizophrenia and control samples (t ¼ 1.12, df ¼ 26, P ¼ 0.27). The covariance analysis still showed that syntaxin-SNAP-25 interactions were greater in schizophrenia than in control samples (diagnosis F ¼ 6.62, df ¼ 1, 25, P ¼ 0.016; synaptophysin F ¼ 7.09, df ¼ 1, 25, P ¼ 0.013).
Comparison of Striatal Regions
To determine how SNARE protein expression varies between the striatal regions, within-subject analyses were performed using paired t-tests. As we had identified regionby-diagnosis interactions in the omnibus ANOVA analyses, paired t-tests were conducted separately for control and schizophrenia samples. No protein measures showed a significant difference between the striatal areas in the control group (all P-values 40.05), suggesting that SNARE protein levels are homogenous throughout the striatum in control samples. Interestingly, similar pairwise comparisons within the schizophrenia group indicated significant differences between all three striatal regions for SNAP-25, syntaxin, and VAMP (all P-values o0.008) ( Table 2) .
A similar analysis for capture ELISA data indicated a nominally significant difference in syntaxin-SNAP-25 interactions between the DCd and NAc in the control group (t ¼ 2.28, P ¼ 0.042), but not between the NAc and VMC, nor between the VMC and DCd. In contrast, in schizophrenia, syntaxin-SNAP-25 interactions were different in the NAc vs VMC, as well as in the VMC vs DCd (all P-values o0.008) but not between the DCd and NAc (Table 2) .
Immunocytochemical Studies of SNARE Proteins in the VMC
As our measurements of SNARE interactions relied on the use of brain homogenates (in which protein localization is disrupted), we confirmed the colocalization of these proteins in the intact human striatum. Stained tissue sections showed no qualitative differences in staining between four control and four schizophrenia subjects. To aid orientation within slices, we double stained for calretinin, a calcium-binding protein present in the cytoplasm of a subset of striatal interneurons. This provided a reference for cell body size and shape that remained unstained by presynaptic markers (Figure 2a and b) . SNAP-25 and syntaxin staining appeared diffuse, consistent with their presence not only at synapses but also along axons (Figure 2a-c) . Syntaxin staining appeared more uniform than did SNAP-25 staining. VAMP staining appeared more punctate, consistent with predominantly synaptic and vesicular locations (Figure 2d ). An incomplete colocalization of SNARE proteins was observed.
Antipsychotic Drug Studies
We examined the possible effects of psychotropic medications present in toxicological analyses at the time of death for the key findings in the VMC. All results remained statistically significant after excluding the two samples with clozapine (Po0.016), or after removing the seven samples with benzodiazepines from the analyses (Pp0.017). There were no statistically significant differences in any of the primary findings between smokers and nonsmokers. We analyzed the possible effects of antipsychotic drugs further, by carrying out studies in rats. To improve the normality of the distribution and variances between groups, SNAP-25 protein measures were log e transformed. For all other measures, untransformed values were used in analyses.
For SNAP-25 protein levels, ANOVA showed a significant effect of treatment (F ¼ 5.71, df ¼ 2, 27, P ¼ 0.009), as did the striatal region (F ¼ 6.34, df ¼ 2, 26, P ¼ 0.006), but no interaction effect. Follow-up contrasts indicated that SNAP-25 was increased by a mean amount of 24% in haloperidol-treated rats compared with saline controls (F ¼ 11.01, df ¼ 1, 27, P ¼ 0.003), but not different between clozapine-treated animals and controls (Figure 3a) . Drug treatment had a significant effect on syntaxin protein levels (F ¼ 3.79, df ¼ 2, 27, P ¼ 0.035), but region did not. Syntaxin levels were higher by a mean amount of 18% in the haloperidol group than in controls (F ¼ 7.58, df ¼ 1, 27, P ¼ 0.010) (Figure 3b) . Drug treatment had a significant effect on VAMP levels (F ¼ 7.82, df ¼ 2, 27, P ¼ 0.002), as did the striatal region (F ¼ 7.14, df ¼ 2, 26, P ¼ 0.003). VAMP protein was significantly higher by a mean amount of 16% in the haloperidol group (F ¼ 13.38, df ¼ 1, 27, P ¼ 0.001) and by a mean amount of 13% in the clozapine group (F ¼ 9.80, df ¼ 1, 27, P ¼ 0.004) (Figure 3c ), compared with controls.
The amount of syntaxin interacting with SNAP-25 was not significantly different between drug treatment groups, nor between striatal regions (Figure 3d ).
As the group-by-treatment interaction was not significant, we investigated the effect of region with the treatment groups combined, for protein measures that showed a significant effect of region. SNAP-25 levels were significantly higher in the lateral than in the medial striatum, or with the NAc (paired t-test, all P-values p0.009). VAMP levels were higher in the medial striatum than in the NAc or lateral striatum (paired t-test, all P-values o0.005). Syntaxin levels were not significantly different between regions.
DISCUSSION
We observed lower SNARE protein levels in the VMC in schizophrenia, but no significant differences in the NAc or the DCd. These results show that adjacent but functionally distinct brain regions can be differentially affected in schizophrenia. Furthermore, although SNARE protein levels were lower, protein-protein interactions forming SNARE complexes in schizophrenia were greater. Haloperidol administration to rats was associated with higher levels of Figure 2 Distribution of SNARE proteins in human VMC. Single-channel images appear in the first two columns, with merged images in the third column. Arrows indicate the region of interest highlighted in the inset. Differences in staining intensity may be the result of slight differences in antibody concentration, antibody penetration, image capture/processing conditions. Calretinin staining appears not to colocalize with presynaptic markers (a and b) and was used as a cell body stain for orientation within the tissue slice. Syntaxin, VAMP, and SNAP-25 show some colocalization with each other (c and d, inset). S25, SNAP-25; CR, calretinin; STX, syntaxin. SNARE proteins, but did not seem to affect protein-protein interactions. Clozapine administration had more selective effects, with only VAMP levels being higher than expected.
SNARE Protein Levels
Topographically organized corticostriatal and thalamostriatal inputs account for a majority of synapses in the striatum (Haber, 2003) . Relevant to our findings, and in the context of patient symptoms, the VMC receives projections from the medial orbitofrontal cortex, mediodorsal, and medial ventral anterior thalamic nuclei (Haber, 2003) , which are areas important for social cognition. In contrast, the NAc receives inputs from the medial cortex and the limbic regions, in addition to the thalamus (MD and VA) (Haber, 2003) . Differential SNARE protein changes in these striatal regions could reflect their diverse synaptic inputs. In brain homogenates, the synaptic origin of the measured proteins is unknown. It is possible that not all SNAREs are downregulated in the same synapse in the VMC. Qualitative assessment of double-labeled VMC sections (Figure 2 ) suggested incomplete colocalization of SNAREs. SNARE isoforms do show some differential distribution in the CNS, supporting this hypothesis (Boschert et al, 1996; RuizMontasell et al, 1996; Trimble et al, 1990) . Alternatively, the changes observed herein may be restricted to a specific synapse or terminal type.
Ultrastructural and immunocytochemical studies in the striatum indicate that specific types of synapses may be altered in schizophrenia. Higher numbers of corticostriatal synapses were reported in the anterior caudate in schizophrenia (Roberts et al, 2005b) . Alterations may differ between schizophrenia subtypes, with a higher density of excitatory inputs in striatal patches in schizophrenia, but increases in the matrix only in subjects with undifferentiated schizophrenia (Roberts et al, 2008) . The relationship of ultrastructural findings to protein levels directly involved in presynaptic function is unclear. Compensatory downregulation of specific SNARE proteins in corticostriatal afferents due to increased synaptic density is one possibility.
Alterations in cell numbers may also contribute to lower SNARE levels. Lower density of cholinergic interneurons was reported in the ventral striatum (corresponding to the NAc in our study) in schizophrenia (Holt et al, 2005) , lower NOS-positive interneurons in the putamen (Lauer et al, 2005) , and lower total neuron number in the caudate (with no alterations in density) (Kreczmanski et al, 2007) . We remain cautious in interpreting our findings in the context of such literature, as anatomical locations of the studies might differ, and it is unclear whether SNARE protein distribution is the same in all synapses (Garbelli et al, 2008) .
The balance of SNARE proteins between the striatal regions may also be important. In schizophrenia, there is evidence of differences in relationships between striatal compartments (Roberts et al, 2005a) , in the balance between excitatory and inhibitory transmission (Lisman et al, 2008) , and in relative activity of different brain regions (Whalley et al, 2005) . Structural imaging suggests the associative striatum (consistent with VMC and DCd in our study) is most affected in schizophrenia, and also shows the greatest abnormalities of presynaptic functional activity of the dopamine system (Ballmaier et al, 2008; Howes et al, 2009) . The subregional distribution of abnormalities of dopamine release in schizophrenia is unknown. Basal-and amphetamine-stimulated dopamine release is higher than normal in the striatum of coloboma mice, where SNAP-25 is low (Fan and Hess, 2007) . The low levels of SNAP-25 observed in VMC in our samples could implicate SNAP-25 in the abnormalities of release in patients with schizophrenia.
Syntaxin-SNAP-25 Protein-Protein Interactions
One approach to assessing the consequences of lower SNAREs is to examine a functional unitFthe SNARE complex. In the VMC in schizophrenia, we observed higher SNAP-25-syntaxin interactions, even though levels of SNAP-25 and syntaxin were lower. SNARE complexes were reported to be increased fourfold in rat striatal slices after exogenous dopamine application (Fisher and Braun, 2000) . The consequences of greater SNARE complex formation/ stability for neurotransmission may include reduced vesicular release, as shown for glutamatergic terminals in the blind-drunk mouse (Jeans et al, 2007) . A greater amount of dopamine release in schizophrenia would be consistent with lower levels of SNAP-25, as observed in coloboma mice (Fan and Hess, 2007) . The observed increased SNARE complex formation in VMC in schizophrenia could represent a compensatory mechanism, attempting to dampen overactive dopamine release directly, or indirectly through reduced glutamate release (which normally facilitates striatal dopamine release) (West et al, 2003) .
At a molecular level, greater SNARE complex formation could occur if SNAREs have increased affinity for each other. Posttranslational modifications, different isoforms, and changes in amino-acid sequence affect SNARE complex stability and synaptic function (Jeans et al, 2007; Snyder et al, 2006; Sorensen et al, 2003) . Accessory factors also modulate SNARE complex formation, stability, and disassembly. Some interacting proteins are already known to be altered in schizophrenia, such as septin-5 and complexins (Pennington et al, 2008; Sawada et al, 2002) . Future work is required to determine the possible roles for these factors in the increase in SNARE complexes.
Antipsychotic Drug Effects
The effects of antipsychotic treatment in rats on striatal SNARE protein levels and protein-protein interactions are different from the findings in schizophrenia tissues. In rats, haloperidol increased levels of all three proteins throughout the striatum, whereas clozapine increased VAMP protein levels. These results are consistent with previous reports in other rat brain areas (Barr et al, 2006a; Sawada et al, 2002) and with ultrastructural studies on the effects of haloperidol in the striatum (Benes et al, 1985; Kerns et al, 1992; Uranova et al, 1991) . Our findings do not seem to replicate decreases in synaptic density observed with longer exposure to haloperidol in rodents (Roberts et al, 1995) , although compensatory upregulation of SNAREs due to antipsychotic drug-related decreases in synapse number cannot be ruled out. In the latter study, synaptic terminal density returned to normal on 4 weeks of drug withdrawal (Roberts et al, 1995) . This scenario may well reflect our human data, as antipsychotic drugs were detectable in only two patients at the time of autopsy. Given a 6.8-week half-life of haloperidol in the human brain (Kornhuber et al, 1999) , it seems that many patients were not taking medications for a number of weeks before death. The effects of clozapine seemed to be limited to increasing VAMP levels; SNAP-25 was unchanged. This finding is consistent with the recently reported effects of clozapine on VAMP and SNAP-25 mRNA levels in human neural cell aggregates exposed to these drugs for 3 weeks (Chana et al, 2009 ). Overall, the greater effect of haloperidol vs clozapine on SNARE proteins could relate to differences in mechanism of drug action. Previous ultrastructural studies described increased overall glutamate labeling in striatal asymmetric synapses associated with both drugs, and additional labeling in a subset of synapses associated with haloperidol only, suggesting different synaptic effects of the two drugs (Meshul et al, 1996) .
Greater SNARE complex formation in the VMC was identified in schizophrenia samples in this study. In rats, haloperidol administration was associated with lower SNARE complex formation in the NAc; however, these effects were not statistically significant. One previous study investigated the effects of dopamine and dopamine plus haloperidol on SNARE complex formation in a slice preparation (Fisher and Braun, 2000) . Dopamine increased SNARE complex formation, an effect that was blocked by haloperidol. The effects of dopamine antagonists on SNARE complex formation may be different in the presence of elevated dopamine levels. SNARE proteins were suggested to be targets for the development of therapeutics in psychiatric illness (Lesch and Schmitt, 2002) , and modifying SNARE complex formation could be a fruitful strategy. The effects of several classes of psychoactive drugs on SNARE complexes have been studied. Morphine was reported to reduce SNARE complex formation (Xu et al, 2004) . Although the antidepressants fluoxetine and reboxetine reduced the levels of all three SNARE proteins, SNARE complex formation was unchanged by these drugs (Bonanno et al, 2005) . Several other studies used screening strategies in peptide libraries, and from plant extracts to identify compounds that alter SNARE complex formation (Blanes-Mira et al, 2004; Blanes-Mira et al, 2003; Jung et al, 2008; Jung et al, 2009; Riley et al, 2006) . Synthetic peptides that modify SNARE complex formation can protect against neurotoxicity in experimental systems (Blanes-Mira et al, 2004) , and could also be investigated for activity in animal models of psychiatric illness.
Possible Limitations
The human brain tissue is invaluable to schizophrenia research, but carries with it inherent limitations. PMI is one possible confounding factor, although the samples that we obtained had shorter PMIs than did the other sample sets ( Table 1) . As protein levels show little change or decrease with PMI (Siew et al, 2004) , the larger PMI of control subjects would lessen protein differences between diagnostic groups. Although pH has been implicated in the quality of gene expression data (Bahn et al, 2001; Harrison et al, 1995) , there is less evidence for an effect of pH on protein levels (Harrison et al, 1995) . Neither of these sample characteristics had an impact on the group differences observed herein. It is possible that differences in life experience (hospitalization, social interaction, active psychosis) could contribute to SNARE alterations, as SNARE expression and complexes can be modified by neuronal activity (Davis et al, 1998; Matveeva et al, 2007) . The SNARE protein-protein interactions, observed in this study, were likely formed in vitro, and the relationship to SNARE mechanisms in living patients is uncertain. Overall, our results could indicate synaptic consequences, not mechanisms, of the disorder, providing important information and a possible treatment target. In general, postmortem sample sets are also limited by differences in ethnicity between subjects. Heterogeneity of this kind is minimized in our sample set, procured exclusively in Macedonia. Finally, we recognize that this sample set is relatively small. Replication in a different sample set will strengthen our conclusions.
In summary, alterations in SNARE proteins and SNARE protein-protein interactions provide a possible novel molecular mechanism contributing to abnormal brain function in schizophrenia. These alterations seem to be related to the disease state, and suggest novel targets for the development of therapeutics.
